25 at. % Rare-earth ͑RE͒-doped ceria samples ͑RE= Sm, Dy, Y, and Yb͒ were examined using transmission electron microscopy and electron energy loss spectroscopy, from which the oxygen vacancy ordering in nanosized domains was confirmed. The relationships of the dopant type, oxygen vacancy ordering, and ionic conductivity of doped ceria were established. It is found that the ordering of oxygen vacancies depends strongly on the dopant type, and the development of nanosized domains with a higher degree of ordering can lead to a more dramatic decrease of ionic conductivity in doped ceria. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2369881͔
Rare-earth ͑RE͒-doped ceria with cubic fluorite structure is an important ionic conductor, which has relatively high ionic conductivity and can be used as an electrolytic material in intermediate temperature solid oxide fuel cells. [1] [2] [3] [4] It has been demonstrated that the electrical properties of doped ceria can be significantly influenced by the dopant type. For example, there exists an optimum radius of the dopant for the ionic conduction. With the dopant radius deviating from this optimum value, the conductivity of doped ceria decreases dramatically. [2] [3] [4] This phenomenon has been attributed to the dopant-oxygen vacancy association that depends on the dopant radius. 2, [5] [6] [7] In the dilute doping range, the ionic conduction is dominated by this association between dopant cations and oxygen vacancies and exhibits a maximum conductivity for ceria doped with Sm or Gd because these dopant cations have the optimum radius and, thereby, a smaller association enthalpy. [2] [3] [4] However, in heavily doped ceria, nanosized domains can form and impact the ionic conductivity. [8] [9] [10] [11] As a consequence, the advantage of the dopant with optimum radius disappears with increasing doping concentration. As shown in a comparative study of Gd-and Y-doped ceria, 12 conductivities in orders of GdϾ Y and GdϽ Y were observed at doping concentrations lower and higher, respectively, than 20-25 at. %. Zhang et al. 12 suggested that it is because the ionic conduction in heavily doped ceria is dominated by the formation of nanosized domains instead of dominated by the association. Although the crystal structure of nanosized domains remains unclear, it has been suspected that the negative impacts of domains on ionic conduction are related to its ordered structure, which is different from the fluorite-structured matrix, and possibly involve some ordering of oxygen vacancies. 11, 12 In this letter, in order to explore the ordered structure in nanosized domains, transmission electron microscopy ͑TEM͒ and electron energy loss spectroscopy ͑EELS͒ were performed on heavily doped ceria as EELS can be used to detect the oxygen vacancy ordering in oxides. 13, 14 Based on the EELS study, the oxygen vacancy ordering in ceria doped with different RE elements is evaluated. Then the dependence of the ordering on the dopant type and its influence on electrical properties are discussed.
Round and well-dispersed nanopowders of pure ceria ͑CeO 2 ͒ and RE-doped ceria ͑RE= Sm, Dy, Y, and Yb͒ were synthesized using the ammonium carbonate coprecipitation method. 11 From the nanopowders, highly dense samples were obtained through sintering at 1400-1450°C for 6 h. The microstructure of sintered samples was examined by selected area electron diffraction ͑SAED͒ and high resolution transmission electron microscopy ͑HRTEM͒ using a JEM-2000EX TEM. EELS and energy-filtered transmission electron microscopy ͑EFTEM͒ were performed using a FEI Tecnai-F30 TEM equipped with a Gatan imaging filtering system. The TEM specimens were prepared by mechanical polishing and dimpling, followed by ion milling.
Through extensive HRTEM and EFTEM investigations, nanosized domains were observed in 25 at. % RE-doped ceria. No obvious difference in size and density of domains was observed between samples with different dopants. Figure 1͑a͒ is an example and shows elemental maps of 25 at. % Y-doped ceria obtained by EFTEM, on which nanosized domains rich in dopant cations but poor in Ce can be clearly seen. As a result of the formation of the domains, SAED studies showed diffuse scattering and/or extra spots superimposed with the diffraction spots of the fluorite matrix. Apparently, this is due to the superlattice formed in the nanosized domains. Figures 1͑b͒-1͑e͒ diffuse scattering between the diffraction spots becomes stronger with the disappearance of extra spots, indicating that the ordered structure in domains is strongly dependent on the dopant type. Obviously, the domains in Sm-doped ceria have a more ordered structure than those in other doped ceria.
To determine oxygen vacancy ordering in nanosized domains, an EELS investigation was carried out. Figure 2 shows the oxygen K edges for the pure ceria and 25 at. % RE-doped ceria, in which backgrounds have been removed. Three characteristic peaks ͑marked by A, B, and C͒ can be clearly distinguished. Among these characteristics, peak A is obvious in pure ceria but weaker in doped ceria, which could be explained by the decrease of Ce concentration in doped ceria since this preedge peak is related to the hybridization between oxygen and Ce 4+ cations. 15, 16 Inversely, the relative intensity of peak B in doped ceria is considerably higher than that of pure ceria. Previous studies had shown that the intensities of peaks B and C can be influenced by the crystal structure 16, 17 and particularly, the enhancement of peak B could be introduced by the ordering of oxygen vacancies in nonstoichiometric oxides.
14 In our samples, the increase in peak B is different with a sequence of SmϾ DyϾ Y Ͼ Yb, which agrees with the extra diffraction spots on SAED patterns ͑Fig. 1͒. Therefore, we believe that the observed enhancement of peak B in this study is also related to the oxygen vacancy ordering in nanosized domains. Such ordering might be a product of the segregation of dopant cations and thereby the enrichment of oxygen vacancies in the domains.
In our previous work, it has been demonstrated that the nanodomains could have negative impact on the ionic conductivity of doped ceria. 11 Based on the EFTEM investigation shown in Fig. 1 , we believe that this phenomenon is related to the interaction between the oxygen vacancies and the segregated dopant cations, and, probably, such impact could be enhanced by the oxygen vacancy ordering in the domains. For the purpose of comparison, the increase in peak B, whose value could be related to the degree of the oxygen vacancy ordering, was calculated as ⌬͑I B / I C ͒ = ͑I B / I C ͒ − ͑I B / I C ͒ CeO 2 , where I B and I C are the integral intensities of peaks B and C calculated using energy windows with a width of 2 eV ͑as illustrated by the insert in Fig. 2͒ . Here we used pure ceria as a standard sample for comparison since the calculated value of I B / I C for pure ceria ͑ϳ0.65͒ is very close to the ratio of 2 / 3 for CeO 2 with an ideal fluorite structure ͑calculated from the band density of states͒. 16 Table I displays both the value of ⌬͑I B / I C ͒ and the conductivity of doped ceria measured at 500°C ͑in air͒ by the dc threeprobe method. As the doping concentration becomes 15 at. %, the amount of nanosized domains is too small to impact the conductivity, [8] [9] [10] [11] so that the conduction is dominated by the association enthalpy and shows a maximum conductivity in Sm-doped ceria. This tendency agrees with other studies. [2] [3] [4] With the increase of the doping concentration to 25 at. %, nanosized domains can be developed, which, in turn, decrease the conductivity.
10,11 Table I shows not only the decrease in conductivity with the increasing doping concentration, but also the fact that such decrease can be speeded up with increasing ⌬͑I B / I C ͒, indicating that the ionic conduction in heavily doped ceria is dominated by the formation of nanosized domains and that the domains with a higher degree of ordering can block the oxygen vacancies more effectively.
It is of interest to note that, although the domain formation is related with the association between oxygen vacancies and segregated dopant cations, 11, 18 this study shows that the degree of oxygen vacancy ordering in nanosized domains is in an order inverse to that of the association ͑SmϽ DyϽ Y Ͻ Yb͒. 2, [5] [6] [7] A possible reason for this controversy is that the association between dopant cations and oxygen vacancies is an interaction at the atomic level, while the formation of the ordered structure can be influenced by other factors in a longer range. To clarify this point, the understanding of the ordered structure in domains is required. Since a solid solution of Ce in C-type RE 2 O 3 can form in a CeO 2 -REO 1.5 system at a higher doping concentration ͑Ͼ33% -40% ͒, 19, 20 we believe that the formation of nanosized domains with higher dopant concentration than their matrix could be a symptom of a transition from the fluorite ceria to C-type RE 2 O 3 , and the oxygen vacancy ordering in these domains could have a structure between fluorite and C-type structures. As shown in Fig. 3 , a unit cell of C-type structure can be constructed out of eight unit cells of fluorite structure by removing 25% of oxygen ions with introducing ionic shifts. During this process, the oxygen vacancy ordering based on the fluorite structure could be geometrically formed ͓Fig. 3͑b͔͒, and the corresponding electron diffraction pattern ͑simulated using the software CARINE CRYSTALLOGRAPHY 3.1͒ is rather close to the obtained SAED patterns ͑Fig. 1͒. Therefore, it is possible that part of the associated oxygen vacancies in nanosized domains can be further arranged in a superstructure similar to that in Fig. 3͑b͒ in order to stabilize the existence of domains.
Since the structure of domains can be approximately described between ceria and C-type RE 2 O 3 , a higher degree of ordering indicates that the domains have a structure closer to the C-type structure. For this reason, we suspect that one influencing factor for the forming ability of oxygen vacancy ordering in the domains could be the lattice difference between the fluorite-structured ceria and C-type RE 2 O 3 . Thus, the mismatch between the lattice parameters of CeO 2 and C-type RE 2 O 3 was calculated as ⌬a = ͑1/2a C − a F ͒ / a F , where a F and a C are lattice parameters of fluorite-structured CeO 2 and C-type RE 2 O 3 .
21 Figure 4 presented the values of ⌬͑I B / I C ͒ as a function of ⌬a. It is clearly shown that a smaller value of ⌬a can lead to a higher degree of oxygen vacancy ordering in nanosized domains.
In conclusion, TEM and EELS studies have confirmed the oxygen vacancy ordering in nanosized domains in heavily RE-doped ceria ͑RE= Sm, Dy, Y, and Yb͒. The relationship between dopant type, oxygen vacancy ordering, and ionic conductivity has been established: ͑1͒ the oxygen vacancy ordering depends strongly on dopant type in a sequence of SmϾ DyϾ Y Ͼ Yb, which can be explained in terms of the difference in the lattice parameters between fluorite-structured ceria and C-type dopant oxides and ͑2͒ the development of domains with a higher degree of ordering can lead to a more dramatic decrease in the ionic conductivity of doped ceria.
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